This paper describes an acid-based electroless Cu deposition system employing CuCl 2 -HNO 3 chemistry in a HF-NH 4 F buffer solution. With the help of nitric acid, Cu can be deposited on SiO 2 /Ta/TaN substrate without the insertion of a Cu seed layer. The deposition rate is found to decrease with increasing ͓HNO 3 ͔ in the solution. The roles of ͓NO 3 Ϫ ͔, ͓F Ϫ ͔, ͓Cl Ϫ ͔, ͓NH 4 Ϫ ͔, Si, and TaN in the system are identified based on split experiments. Si acts as the reducing agent while ͓F Ϫ ͔ and ͓Cl Ϫ ͔ ions form complexions with and transmit electrons to Cu 2ϩ . Overall, a deposition rate of 2700 Å/min with a Cu resistivity of 2.35 ⍀ cm can be achieved.
Electrochemical deposition of metal thin films has been the industry standard for the fabrication of electronic circuit boards over the last two decades. With the advent of Cu-based metallization for integrated circuits interconnection, such standardization extends back to the manufacturing of the most advanced ultralarge-scale integrated circuits ͑ULSIs͒. For the latter application, electroplating of copper onto Ta/TaN substrates built on a dual-damascene pattern structure is the technology of choice in the microelectronics industry. Another alternative is Cu electroless plating, which, due to its conformal deposition profile, has the potential for Cu-seed layer deposition 1 for the subsequent Cu fill by electroplating. Besides its capability of filling high-aspect-ratio pattern structures, electroless plating offers additional advantages such as low cost and simpler chemistry and equipment setup.
In the electroless plating process, Cu can be deposited from an ionic solution on catalytic surfaces without any external electrodes. Chemical baths used for the process are primarily base solutions with copper sulfate as the Cu ion source, ethylenedinitroloacetate ͑EDTA͒ as the complexing agent, formaldehyde as reducing agents, tetramethylammonium hydroxide ͑TMAH͒ or alkali solution as pH buffer, and some surfactant and stabilizer added to improve step coverage and bath stability, respectively. For ULSI applications, quite often Pd, either in the form of ions present in the bath or a separate layer, is included in the process as an activation layer to improve the adhesion between the plated Cu and Ti/TiN substrate. Previous studies on the Cu electroplating process have unraveled the ligand reactions [2] [3] [4] and the role of the palladium activation layer. 5 More recent studies on this chemical system have extended our knowledge to the plated Cu microstructure, 6, 7 and theoretical 8 and experimental 9 aspects of Cu filling into high-aspect-ratio features. In the current study, a new Cu electroless plating process is proposed. This process involves an acidic bath with CuCl 2 , HF-NH 4 F, and HNO 3 as the main chemical components. The original formulation containing 0.01 M CuCl 2 , 10 wt % HF, and 10 wt % NH 4 F was intended for surface activation of oxide for Cu seed layer deposition. 10 Immersion of oxide/Ta/TaN wafers into this chemical bath for an extended time ͑ϳ10 min͒ results in a fragile Cu thin film ͑ϳ1 m thick͒ that delaminates and peels off easily from the oxide surface. Modification in the chemistry is required for this formulation to be applied to the deposition of Cu on conducting barrier layers. A certain type of chemical dissolution reaction is needed to ''activate'' the TaN surface before Cu ions can be reduced and adsorbed on the surface for subsequent nucleation and growth of Cu thin film. Since TaN is a relatively inert compound that dissolves slightly only in aggressive chemicals such as HF and HNO 3 , we add a small amount of HNO 3 into the bath to initiate the Cu deposition on TaN. Addition of HNO 3 into the bath also helps suppress and reduce the formation of F Ϫ ions, which corrode the Cu films in excessive amounts. The roles of each chemical species in the bath are identified and the reaction kinetics are proposed.
Experimental
Sample preparation.-100 mm p-type ͑1.7-2.5 ⍀ cm resistivity͒ Si͗100͘ wafers are thermally oxidized in dry atmosphere to produce an oxide thickness of 100 nm. 50 nm Ta and 50 nm TaN are then deposited onto the oxide surface consecutively by dc magnetron sputtering in Ar and N 2 ambient. The thickness of the Ta/TaN films is measured by four-point probe resistance measurement and calibrated with cross-sectional scanning electron microscopy ͑SEM͒. The resistivity of Ta and TaN films is 175 and 242 ⍀ cm, respectively.
Verification of chemistry.-To test the feasibility of our proposed bath chemistry, 10 mL of HNO 3 is added to the chemical bath solution in Table I . All chemicals used are electronic grade. The pH for the chemical bath is maintained at 4.50. About 1.0% of surfactant ͑GAF RE-610͒ was added to reduce the surface tension during deposition. The bath was constantly stirred throughout the experiments. This formulation serves as the base chemistry for all the subsequent experiments in this study.
The results indicate that with the addition of HNO 3 , a continuous Cu film can be formed on the TaN surface with good adhesion, as observed from tape peel-off tests. Both stirring and heating enhance the deposition rate and uniformity of the Cu films. Without the addition of HNO 3 , however, only reddish Cu dots are formed and they flake off easily from the TaN substrate. Table II . The temperature of the bath was maintained at 45°C.
Cu film thickness was determined from four-point probe resistance measurements, calibrated by SEM observation. The resistivity of the TaN/Ta substrate was subtracted from the measurement. Each reported data point was the average of 9 points measured across the wafer.
Results
The ratio of HF/NH 4 F in the bath and its influence on the reflectivity and adhesion of as-deposited Cu film are displayed in Table  III . In this table, reflectivity was determined from the average of five measurements. Tape peel tests were repeated three times on each sample. Those without any visible Cu film damage after tests are classified as ''excellent''; those with some spots left on the tape after tests are considered ''good''; those peeled off easily are defined as ''poor.'' From this table, the optimum HF/NH 4 F ratio that can be added to the bath is between 1.0:1.3 and 1.0:2.0.
Variation of nitric acid concentration, ͓HNO 3 ͔, and its effects on the reflectivity and adhesion of as-deposited Cu film are depicted in Table IV . As ͓HNO 3 ͔ increases in the solution, the morphology of Cu deposits on TaN substrate transforms from dark-reddish dots to continuous film with shining reddish luster, while adhesion of the film improves concurrently. The film, however, reverts back to redbrownish surface and reflectivity deteriorates as ͓HNO 3 ͔ exceeds 1.70 M. The amount of nitric acid added into the bath has significant impacts on deposition rate and film resistivity, as demonstrated in Fig. 1 . Deposition rate and resistivity both decrease as nitric acid is added into the bath in the beginning. The former saturates and the latter tails up a little when more and more nitric acid is present. The high concentration of nitric acid may eventually corrode the asdeposited Cu surface, causing the increase in resistivity again. The lowest resistivity achieved is ϳ2.35 ⍀ cm, higher than that of pure Cu, 1.70 ⍀ cm. Contamination, such as oxygen, and microstructural attributes, such as small grain and porosity, account for this higher resistivity. The role of nitric acid in the reaction mechanism is discussed in more detail later, following the description of the split experiments.
From this observation, the optimum concentration for each of the chemical constituents in the bath are 8% HF, 2.92 M NH 4 Overall, an optimum deposition rate of ϳ2700 Å/min with a resistivity of 2.35 ⍀ cm can be achieved, as seen in Fig. 1 . This optimum formulation serves as the baseline process for the subsequent Cu plating experiments. Using the baseline process described, the microstructure of Cu deposits in their as-deposited state is displayed in Fig. 2 . Porosity can be seen clearly and the mean grain size is about 435 nm. This case corresponds to the deposition rate of ϳ2900 Å/min and a resistivity of 2.94 ⍀ cm in Fig. 1 . The dependence of grain size on ͓HNO 3 ͔ is exhibited in Fig. 3 . The increasingly low Cu deposition rate with an increasing amount of nitric acid added translates to lower porosity and larger grain size, both of which contribute to the lower resistivity shown in Fig. 1 . The microstructure in Fig. 4 is taken from the point in Fig. 3 where 14 units of nitric acid is added. Apparently, grain size ͑643 nm͒ is enlarged and porosity is reduced, resulting in a lower resistivity.
The split conditions listed in Table II are designed to clarify the role of each active chemical species in the electroless deposition process. Results from each split condition are summarized in the following paragraphs.
Split condition 1.-This is our original formulation for this study. About 15 s after immersing the wafers into the bench, bubbles started to pop up from wafer bevel and back side. Conversely, no bubble was observed when heating the bath to the same temperature ͑45°C͒ without wafer immersion. Immersion of Cu wires into this solution resulted in neither bubble formation nor Cu deposit on the wire. Nevertheless, inserting a sheet of SS304 stainless steel into the bath resulted in significant chemical reactions and Cu deposit on the surface. Ϫ already exists in the solution, this addition would not distort the original bath chemistry. In the beginning, bubbles formed and Cu deposited on TaN surface, just like the previous split condition. After about 5 min, however, Cu film began to lose its adhesion with the substrate and finally peeled off from the TaN surface. After 10 min, the floating Cu film broke apart into pieces. Once the color of bath changed from light blue ͑original color͒ to transparent ͑i.e., fully depleted of Cu 2ϩ ions͒, a large amount of bubbles emerged from the wafer surface and excessive heat generated in the bath. Upon escaping from the bath and evaporating into the atmosphere, the bubbles turn into reddish brown vapor. Based on the garlic smell and bath chemistry, this gas is nitrogen dioxide (NO 2 ). 
Split condition 6. Substitution of NH 4
ϩ with Na ϩ .-In this formulation, sodium fluoride can dissolve completely in the solution, releasing fluorine ions to form buffer with HF. Since sodium ions do not react with other species, the bath chemistry is not disturbed. In this case, similar to condition 5, only dark reddish Cu dots were deposited on TaN substrate. In addition, NO 2 gas evaporated from the bath during the reaction.
Split condition 7.
Addition of ammonia chloride.-Similar to condition 6, Cu dots were deposited on TaN substrate, with NO 2 as the by-product.
Discussion
Based on the observations given, the reaction mechanisms and the role of active chemical species in this electroless deposition system can be clarified. Among the active chemical species listed in Table II 
͓1͔
From result of split condition 6 above, Cu deposit can form on TaN surface even in the absence of NH 4 ϩ . Interestingly, however, it was observed that the deposition rate increases when more ammonia fluoride is added into the bath. This implies that the presence of more NH 4 ϩ in the buffer system may alter the concentration of active reactants such as ͓F Ϫ ͔ through Eq. 1, leading to variation in deposition rate. It is also possible NH 4 ϩ is involved in complexing the Cu and affects the pH. These points are elaborated later.
Unlike NH 4 ϩ , F Ϫ ions may participate in the reaction directly. It would react with nitric acid on the Si surface according to the following
Since SiF x complexes are thermodynamically very favorable (⌬H f 0 ϭ Ϫ1614.9 kJ/mol for SiF 4 ), the reaction in Eq. 1 can occur spontaneously in the chemical bath. This reasoning, in conjunction with the high standard redox potential of F Ϫ ͑Ϫ2.886 V͒, rules out the possibility of NH 4 F being the reducing agent.
The reaction mechanism for the current study is certainly more complicated than the one described in Eq. 2. The existence of Cl Ϫ , for example, may alter the reaction to a great extent. However, the fact that bubbles evolve from wafer bevel and back side during Cu deposition ͑conditions 1 and 2͒ suggests the involvement of Si in the overall reaction. ͒ and crystal structure ͑diamond cubic and face-centered cubic, respectively͒ for Si and Cu, for every 1 m thick of Si consumed, there can be up to 1.17 m thick of Cu film formed correspondingly, on a substrate area of 1.00 cm 2 . As a consequence of this redox reaction, hydrogen evolves as gas bubbles from Si bevel and back side, as observed in split conditions 1 and 2 previously. Also observed in split condition 1 is the strong redox reaction and hence Cu deposition on the surface of SS304 steel. This can be explained by the higher ͑more negative͒ redox potential of iron than copper. The iron atoms in the stainless steel were dissolved by hydrogen fluoride and nitric acid, forming Fe 2ϩ or Fe 3ϩ . The electrons released were transmitted to Cu 2ϩ ions, which were reduced and deposited on the steel surface. In the case of immersing Cu wire into the bath, the Cu 2ϩ ions formed from the Cu wire surface by the oxidation reaction with nitric acid dissolve in the solution. A dynamic equilibrium is reached so that there is no change in ͓Cu 2ϩ ͔ in the solution. Therefore, no net Cu deposit can be found on the TaN substrate.
To verify the mechanism proposed, wafers with thermally grown oxide on both sides ͑ϳ100 nm thick͒ were tested using split conditions 1 and 2 in Table II . No visible reaction and no Cu deposit could be identified after 10 min immersion into the bath. This confirms the roles of F Ϫ and Si in this system as discussed previously. Figure 5 illustrates the influence of ͓NH 4 F͔ and ͓HF͔ on Cu deposition rate. As it indicates, deposition rate rises first but saturates and falls as HF or NH 4 F is added continuously into the bath. These observations can be elucidated from the following perspec- tives. First, from a buffer system point of view, the buffering capability of NH 4 F reduces as its concentration decreases in the solution. As a consequence, ͓H ϩ ͔ and pH increase in the solution. This also broadens the potential difference between the oxidizer and reducing agent. Such a potential difference has a significant impact on the critical radius of nuclei, r*, for Cu nucleation on the TaN surface, according to the following equation
where ␥ is the surface tension, v is the molar volume of the metal deposit, n is the number of electrons involved in the redox reaction, F is the Faraday constant, and (E me Ϫ E red ) is the potential between the metal ͑Cu͒ deposited and reducing agent. As the potential difference, (E me Ϫ E red ), increases in the solution due to the increase in ͓H ϩ ͔, the critical radius of nuclei, r*, for Cu becomes larger according to Eq. 3. Consequently, the number of nuclei that can successfully precipitate and grow reduces, leading to a lower deposition rate. This also corresponds to a larger grain size, as shown in Fig. 3 and 4 zϪ , where the sum of x and y can be 2, 4, or 6, while z can be 0, 2, and 4, correspondingly. This may also account for the observed decreasing trend of Cu deposition with increasing ͓NH 4 F͔ and high ͓HF͔ concentration in Fig. 2 . As more ͓NH 4 F͔ or ͓HF͔ is added to the chemical solution, the concentration of ͓F Ϫ ͔ is raised and more copper fluoride or fluorochloride complexions are formed.
Initially the presence of more ͓F Ϫ ͔ ions in the solution helps to expedite the redox reaction and enhance the deposition rate, since they provide the electrons needed for reduction. When the concentration of ͓F Ϫ ͔ ions increases continuously, however, the transport number 12 of Cu cations, t ϩ , is gradually offset by the negative contribution from the complex anions ͓CuCl x F y ͔ zϪ , due to their negative charge and lower mobility. Consequently, the potential of Cu 2ϩ /Cu decreases and concentration of ͓Cu 2ϩ ͔ in the bath reduces, leading to a lower deposition rate.
The presence of ͓Cl Ϫ ͔ and ͓NO 3 Ϫ ͔ may have assisted the nucleation process of Cu deposits on TaN substrate. ͓Cl Ϫ ͔ ions also help suppress the reduction of nitric acid and hence the formation of nitrogen dioxide gas, as observed in split condition 2. They can also affect the charge-transfer efficiency at the interface. Certainly, ͓Cl Ϫ ͔ source is not limited to the dissociation of CuCl 2 . Hydrogen chloride can serve as a substitute when copper nitrate is chosen as the ͓Cu 2ϩ ͔ source, as results from split condition 3 suggest.
Nitric acid (HNO 3 ).-Without the existence of nitric acid, Cu can only be reduced and precipitated out on Si surface. With nitric acid, however, Cu deposits on TaN substrate. In addition, as Fig. 1 indicates, the Cu deposition rate decreases first and saturates eventually as ͓HNO 3 ͔ increases in the bath. This suggests the catalytic role of nitric acid in this system. It dissolves the TaN surface where Cu nucleates and grows. As more nitric acid is added into the bath, more ͓H ϩ ͔ ions are released upon dissociation and they consume the ͓F Ϫ ͔ ions needed for Cu reduction through the HF-NH 4 F buffer system to maintain a stable pH. As a consequence, the deposition rate decreases continuously and saturates eventually, when a dynamic equilibrium is reached between the H ϩ -F Ϫ -NH 4 ϩ system and the deposition rate is determined by ͓Cl Ϫ ͔ only.
TaN substrate.-TaN can dissolve only in nitric acid and hydrogen fluoric acid. The fact that Cu did not deposit on the TaN surface without the addition of nitric acid indicated that the dissolution of TaN by nitric acid is a critical step to Cu nucleation. The dissolved ͓Ta 5ϩ ͔ may have participated in the initial stage of redox reaction, although the exact mechanism is not known at this moment. Further work is needed to clarify this point.
From transmission electron microscopy ͑TEM͒ analysis and X-ray diffraction ͑XRD͒ spectra, 13 the combined remaining thickness of Ta and TaN layers after Cu deposition is about 78 nm and the intensity of their crystallographic orientations remains virtually the same as before. This provides further evidence for the role of Ta/TaN in this system. Based on this discussion, the roles of each species in this chemical system for electroless Cu deposition can be summarized in Table  V . The redox reactions involved are depicted in Fig. 6 . ͓F Ϫ ͔ and ͓NO 3 Ϫ ͔ dissolve Si on wafer back and bevel and form complexions with Cu. Electrons released from Si were transmitted by ͓F Ϫ ͔ and ͓Cl Ϫ ͔ ions and accepted by ͓Cu 2ϩ ͔, which is reduced and deposited on the TaN surface.
In this work, a chemical formulation for electroless Cu deposition on SiO 2 /Ta/TaN substrate is proposed and tested with success. The reaction mechanisms are proposed based on the observation. The lowest Cu resistivity achieved in this study, 2.35 ⍀ cm, is a little high for practical microelectronic applications. However, it can be reduced by postdeposition anneal, which is a subject of our further study. In the second part of this investigation, 13 the kinetics of the reactions involved are examined. Ionic concentration and temperature effects are considered so that the activation energy can be deduced. Also included in the second part are the effects of Cu seed layer and postdeposition anneal on the Cu thin-film characteristics.
Conclusions
In this work, an acid-based electroless Cu deposition system is proposed and demonstrated. CuCl 2 is used as the Cu source and nitric acid is added as the catalyst in a HF-NH 4 F buffer solution. 
͓F
Ϫ ͔ and ͓NO 3 Ϫ ͔ dissolve Si on wafer back and bevel and form complexions with Cu. Si acts as the reducing agent and the electrons released from it were transmitted by ͓F Ϫ ͔ and ͓Cl Ϫ ͔ ions and accepted by ͓Cu 2ϩ ͔, which is reduced and deposited on the TaN surface without a Cu seed layer. The deposition rate of Cu decreases with increasing amount of nitric acid added. A deposition rate of 2700 Å/min on SiO 2 /Ta/TaN substrate with a Cu resistivity of 2.35 ⍀ cm can be achieved. The redox reactions involved in this chemical system are identified.
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